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Background: During COVID-19, the main manifestations of the disease are not only pneumonia but also coag-
ulation disorders. The purpose of this study was to evaluate pulmonary vascular abnormalities 3 months
after hospitalization for SARS-CoV-2 pneumonia in patients with persistent respiratory symptoms.
Methods: Among the 320 patients who participated in a systematic follow-up 3 months after hospitalization,
76 patients had residual symptoms justifying a specialized follow-up in the department of pulmonology.
Among them, dual-energy CT angiography (DECTA) was obtained in 55 patients.
Findings: The 55 patients had partial (n = 40; 72.7%) or complete (n = 15; 27.3%) resolution of COVID-19 lung
infiltration. DECTA was normal in 52 patients (52/55; 94.6%) and showed endoluminal filling defects in 3
patients (3/55; 5.4%) at the level of one (n = 1) and two (n = 1) segmental arteries of a single lobe and within
central and peripheral arteries (n = 1). DECT lung perfusion was rated as non-interpretable (n = 2;3.6%), nor-
mal (n = 17; 30.9%) and abnormal (n = 36; 65.5%), the latter group comprising 32 patients with residual
COVID-19 opacities (32/36; 89%) and 4 patients with normal lung parenchyma (4/36; 11%). Perfusion abnor-
malities consisted of (a) patchy defects (30/36; 83%), (b) PE-type defects (6/36; 16.6%) with (n = 1) or without
proximal thrombosis (n = 5); and (c) focal areas of hypoperfusion (2/36; 5.5%). Increased perfusion was seen
in 15 patients, always matching GGOs, bands and/or vascular tree-in- bud patterns.
Interpretation: DECT depicted proximal arterial thrombosis in 5.4% of patients and perfusion abnormalities
suggestive of widespread microangiopathy in 65.5% of patients. Lung microcirculation was abnormal in 4
patients with normal lung parenchyma.

© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Since the onset of the COVID-19 pandemic, the radiological litera-
ture has reported the characteristic findings of COVID-19 pneumonia,
which most frequently include bilateral, peripheral, often rounded-
ground-glass opacities that are predominantly located in the lower
lobes, often accompanied by consolidation [1]. During the acute
phase of the disease, case reports and autopsy findings rapidly
alerted the medical community on coagulation abnormalities, raising
questions on whether thrombotic and embolic events worsened the
patient’s clinical status [2�6]. This led to modify the indications for
chest CT in COVID-19 patients, primarily limited to non-contrast
examinations for the evaluation of parenchymal abnormalities or
assessment of alternative diagnoses. CT angiography was then con-
sidered in the management of patients exhibiting acute or subacute
respiratory distress, enabling depiction of endoluminal filling defects
in up to 30% of patients, mainly located within segmental and subseg-
mental arteries [7�12]. Although endoluminal clots could result from
a thromboembolic disease, autopsy studies highlighted changes con-
sistent with thrombosis occurring within the pulmonary arterial cir-
culation in the absence of apparent embolism [5]. This was also
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Research in context

Evidence before this study

During COVID-19, the main manifestations of the disease are
not only pneumonia but also coagulation disorders. Based on
literature review that included CT angiographic examinations,
endoluminal filling defects were detected in up to 30% of
patients, mainly located within segmental and subsegmental
arteries. Although endoluminal clots could result from a throm-
boembolic disease, autopsy studies highlighted changes consis-
tent with thrombosis occurring within the pulmonary arterial
circulation in the absence of apparent embolism. This was also
clinically suggested by the low proportion of patients with PE
in whom deep vein thrombosis was diagnosed.

The second aspect of the COVID-19 vasculopathy lies at the
level of lung microcirculation. Autopsy studies highlighted the
severe endothelial injury associated with intracellular virus and
disrupted cell membranes with widespread capillary micro-
thrombi. Patients with COVID-19 also exhibited a high amount
of new vessel growth

When CT angiography was obtained with dual-energy (DE),
standard CT angiographic images were completed by lung per-
fusion images enabling analysis of lung microcirculation. In the
early clinical phase, increased lung perfusion matching with
ground-glass opacities was reported. At a later phase of the dis-
ease, widespread perfusion defects were described in a major-
ity of patients as well as halos of increased perfusion
surrounding hypoperfused areas of consolidation, the latter
suggesting the detectability of microvascular changes within
areas of COVID-19 pneumonia.

Added value of this study

This is the first study reporting pulmonary circulation status in
the follow-up of COVID-19 survivors remaining symptomatic 3
months after hospitalization for a severe SARS-CoV-2
pneumonia.

Dual-energy CT (DECT) angiography depicted unexpected
proximal arterial thrombosis in 5.4% of patients

DECT lung perfusion abnormalities suggestive of wide-
spread microangiopathy were identified in 65.5% of patients.

In addition to perfusion defects, perfusion imaging also
allowed depiction of areas increased perfusion matching resid-
ual SARS-CoV-2 pneumonia abnormalities.

Implications of all the available evidence

This study suggests the presence of multiple residual changes
within central and peripheral pulmonary circulation in the
months following COVID-19 pneumonia that can help under-
stand patient functional complaint. It also highlights the persis-
tent risk for pulmonary artery thrombosis.
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clinically suggested by the low proportion of patients with PE in
whom deep vein thrombosis was diagnosed [8,9].

The second aspect of the COVID-19 vasculopathy lies at the level
of lung microcirculation. Autopsy studies highlighted the severe
endothelial injury associated with intracellular virus and disrupted
cell membranes with widespread capillary microthrombi [13,14]. In
comparison with autopsy findings in influenza-associated respiratory
failure, alveolar capillary microthrombi were found to be 9 times
more prevalent in patients with COVID-19 who also exhibited a
2.7 times higher amount of new vessel growth [13]. In-vivo insight
into this distal pulmonary angiopathy was reported in patients with
mild to severe COVID-19 pneumonia who underwent dual-energy CT
angiography [15�20]. In the early clinical phase, increased lung per-
fusion matching with ground-glass opacities was reported. At a later
phase of the disease, widespread perfusion defects were described in
a majority of patients as well as halos of increased perfusion sur-
rounding hypoperfused areas of consolidation, the latter suggesting
the detectability of microvascular changes within areas of COVID-19
pneumonia. Complex interactions between ventilation and perfusion
are also to be considered. A mathematical model has recently raised
hypotheses on the combined effects of pulmonary embolism, ventila-
tion-perfusion mismatching in the non-injured lung and normal per-
fusion of the relatively small fraction of injured lung to explain early
COVID-19 hypoxemia [21]. Although the long-term outcome of vas-
cular changes is still unknown, the state of perfusion of lung tissue at
the different phases of COVID-19 pneumonia appears to be an impor-
tant parameter for a proper understanding of physiological derange-
ments [22].

The primary objective of the present study was to investigate the
morphologic and perfusion changes within pulmonary circulation
three months after hospitalization for COVID-19 pneumonia in a
cohort of 55 patients with persistent respiratory symptoms who
underwent dual-energy (DE) CT angiography. The secondary objec-
tive was to search for differences in patient characteristics according
to the results of DECT perfusion imaging.

Materials & methods

Study population

All patients who had been hospitalized for COVID-19 pneumo-
nia confirmed by RT-PCR analysis of throat specimens between
March and April 2020 in our center were offered a systematic fol-
low-up at 3 months by the Department of Infectious Diseases. The
criteria for hospitalization included the presence of dyspnea, a
respiratory rate of 30 or more breaths per minute, a blood oxygen
saturation of 93% or less, a ratio of the partial pressure of arterial
oxygen to the fraction of inspired oxygen (Pa02:FiO2) of less than
300 mm Hg and/or infiltrates in more than 50% of the lung field.
There were two broad categories of hospitalized patients: (a)
patients with a critical respiratory status, justifying to be admit-
ted in the ICU; and (b) patients in less severe conditions, requir-
ing management in a non-ICU department.

At the time of follow-up (Fig. 1), 76 patients presenting with
residual respiratory symptoms (i.e., dyspnea, dry cough) and/or con-
cern on chest radiographic abnormalities were referred to the
Department of Pulmonology for specialized follow-up. The pulmo-
nologists in charge of COVID-19 follow-up considered that 9 patients
did not require further evaluation as their residual symptoms and/or
chest radiographic abnormalities did not differ from those observed
before COVID-19, explained by a pre-existing underlying respiratory
disease. The clinical presentation of the remaining 67 patients justi-
fied further investigation with chest CT angiography (CTA) and pul-
monary function tests (PFTs). All patients underwent chest CT that
could not be obtained with administration of contrast material due to
renal insufficiency in 7 patients. Five patients underwent single-
energy CTA in a community center only equipped with this technol-
ogy and 55 patients underwent a dual-energy CT angiographic study
in our department. Because lung perfusion is only available on dual-
energy chest CT angiographic examinations, our study population
was limited to these 55 patients.

All patients underwent chest CT which consisted of non-contrast
examinations (n = 7; renal insufficiency), single-energy (n = 5) and
dual-energy (n = 55) (DECT) CT angiographic studies. The subgroup of
55 patients with DECT angiographic follow-up was the study popula-
tion of this investigation.

PFTs were available in 46 patients (84%) and not performed in
9 patients (16%) (patient refusal: n = 3; equipment not available



Fig. 1. Flow-chart of the study population.
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at the time of CT examination: n = 6). The study population
included consecutive patients requiring follow-up with retrospec-
tive analysis of data. All data used in this study were retrieved
from patient files (clinical, biological, functional and therapeutic
data); CT images were accessible via the PACS system; all data
were available for clinical research purposes. This retrospective,
non-interventional observational study was approved by the local
Ethics Committee (Comit�e de Protection des Personnes Nord
Ouest IV, registered in the Office for Human Research Protection
Database IORG 0,009,553) with vaiwer of patient informed con-
sent according to national and European regulatory rules and
general data protection regulation (GDPR). This study was con-
ducted in agreement with the French law of August 9, 2004, com-
pleted by the law n° 2012�300 of March 5, 2012. No industrial
support was given to the authors.
Study aims and endpoints

The aim of the study was to investigate the morphologic and per-
fusion changes within pulmonary circulation three months after hos-
pitalization for COVID-19 pneumonia in a cohort of 55 patients with
persistent respiratory symptoms who underwent dual-energy (DE)
CT angiography. The primary endpoint was to analyze the presence
of endoluminal clots within pulmonary arteries and abnormalities of
lung microcirculation on DECT iodine maps. Because DECT lung per-
fusion cannot be interpreted without precise knowledge of lung
parenchymal status, this investigation also included the analysis of
corresponding lung images with special evaluation of residual abnor-
malities of the COVID-19 pneumonia and potential presence of co-
morbid conditions such as emphysema and interstitial lung disease.
Secondary endpoints investigated whether differences in patient
characteristics could be observed according to the results of DECT
perfusion imaging.
Imaging evaluation

CT protocol
The study population underwent a dual-energy CT angiographic

(CTA) examination on a 3rd-generation dual-source CT system
(Somatom Force, Siemens Healthineers, Forchheim, Germany) with
injection of 60 � 90 mL of a 40% iodinated contrast material at a rate
of 3�4 mL/sec. From each data set, three series of images were gener-
ated: (a) contiguous, 1 mm thick lung and mediastinal images, recon-
structed with high resolution and soft kernels (Bl 57 and Br 36,
respectively); and 1-mm thick lung perfusion images using the Lung
PBV software (Siemens Healthineers, Forchheim, Germany).This was
completed by a second set of perfusion images, generated by subtrac-
tion of low- and high-monoenergetic images, to generate less noisy
images in this population mainly composed of overweight and obese
patients. This was obtained on the eXamine prototype (Siemens
Healthineers, Forchheim, Germany).

The percentage of COVID-19 lung infiltration, further referred to
as the “CT COVID score” was calculated using an AI-software proto-
type (CT Pneumonia Analysis; Siemens Healthineers, Forchheim, Ger-
many). The algorithm uses CT data to automatically identify and 3D-
segment both the lung parenchyma and abnormal areas of ground-
glass opacities and consolidation. The software outputs a percentage
of total lung involvement (by both GGO and consolidation) [23]. Fol-
low-up chest CTA was systematically completed by a volumetric,
non-contrast, single-energy acquisition at expiration to detect air
trapping, i.e., a potential confounder for perfusion defect interpreta-
tion.

Evaluation of lung and mediastinal images and lung perfusion images
Pulmonary arterial circulation was analyzed on mediastinal and

perfusion images. On mediastinal images, we searched for the pres-
ence of endoluminal filling defects from central to subsegmental arte-
rial divisions. On perfusion images, we rated the presence of: (a)
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perfusion defects of 3 types: patchy defects, PE-type defects and non-
systematized areas of hypoperfusion; and (b) areas of increased per-
fusion. The iodine concentration, expressed in mg of iodine per mL of
lung volume, was calculated for both lungs.

On lung images, we recorded the presence and extent of post
COVID-19 abnormalities, including ground-glass opacities, bands,
consolidation and features of fibrosis (i.e., honeycomb cysts) or fea-
tures potentially suggestive of fibrosis (i.e., bronchial and/or bronchi-
olar dilatation within areas of ground-glass opacities and/or
reticulation). Their distribution was rated as unilateral/bilateral; cen-
tral/peripheral. We also searched for the presence of vascular fea-
tures described in the acute phase of COVID-19 pneumonia, i.e., the
“vascular tree-in-bud” pattern and abnormally dilated peripheral
vessels [17]. The presence, extent and severity of comorbid condi-
tions that might interfere with CT lung perfusion analysis, i.e.,
emphysema and interstitial lung disease, was also recorded. Emphy-
sema was rated as mild when limited to centrilobular emphysema,
moderate when lung destruction was more pronounced but without
reaching the level of panlobular emphysema, and severe in presence
of panlobular emphysema. The extent of emphysema was rated as
limited when involving exclusively the upper lobes, and diffuse
when observed from to bottom of the lungs. ILD was rated as fibros-
ing or non-fibrosing, and limited (<10% of the lung volume) or diffuse
in distribution. Air trapping was searched for on expiratory scans.

Pulmonary function evaluation

Pulmonary function tests included a spirometry with forced vital
capacity (FVC) and slow vital capacity (VC), plethysmographic lung
volumes and a single-breath DLCO according to ATS/ERS guidelines
and the 1993 ERS predicted values were used [24,25]. The list of PFT
parameters comprised vital capacity, forced vital capacity, forced
expiratory volume in one second, forced residual capacity, residual
volume, total lung capacity, diffusing capacity of the lung for carbon
monoxide and alveolar capillary blood volume.

Study aims and endpoints

The primary objective of this study was to investigate the mor-
phologic and perfusion changes within pulmonary circulation three
months after hospitalization for COVID-19 pneumonia. The endpoints
for the primary objective were the presence of endoluminal filling
defects within central and peripheral pulmonary arteries on morpho-
logic images and the presence of perfusion abnormalities, including
perfusion defects and areas of increased perfusion, on perfusion
images. On lung images, we searched for CT features suggestive of
residual COVID-19 lung infiltration and the presence of any co-mor-
bid conditions, unrelated to COVID-10 sequellae, that could alter lung
perfusion.

The secondary objective was to search for differences in patient-
s’characteristics according to the results of DECT perfusion images.
The endpoints for this secondary objective concerned the patients’
status at the time of the early phase of COVID-19 pneumonia, the pul-
monary function profile, the quantitiative analysis of the iodine con-
tent on perfusion images.

Condition of image analysis

The reading of morphologic and perfusion imaging was obtained
by consensus between two senior chest radiologists with 7 and
14 years of experience in DECT lung perfusion analysis, respectively.
A separate analysis of lung, mediastinal and perfusion images, pre-
sented in random order, was first undertaken. A second reading ses-
sion was organized with a combined reading of lung and perfusion
images of each patient to superimpose perfusion abnormalities on
the corresponding morphological background.
Statistical analysis

Categorical variables are expressed as number and percentages.
Continuous variables were reported as means and standard devia-
tions (SD) in the case of normal distribution or medians (interquar-
tile, IQR) otherwise. Normality of distributions was assessed using
histograms and the Shapiro-Wilk test. Comparisons of clinical data
and PFTs between patients with normal and abnormal lung perfusion
were performed with the Mann-Whitney test for quantitative varia-
bles and the chi-square test (or Fisher exact test) for categorical varia-
bles. The condition of validity of the chi-square test (all expected
values greater or equal to 5) was checked. We did not perform com-
parisons when a group included less than 10 patients. Statistical test-
ing was conducted at the two-tailed ⍺-level of 0.05 and was
considered as an exploratory analysis. Data were analyzed using the
SAS software version 9.4 (SAS Institute Inc, Cary, NC 25,513).

Role of funding

No funding was received for this work

Results

Characteristics of the study population

As shown in Table 1, the study population of 55 patients (42
males; 13 females; mean age: 59.7 year) included 24 smokers (43.6%)
and 11 patients (20.0%) had respiratory comorbidities. The median
BMI was 27.1 kg/m2; the study group was mainly composed of over-
weight (n = 21; 38.2%) and obese (n = 19; 34.5%).

Table 2 summarizes the clinical and biological data of the study
population at the time of COVID-19 lung infection: (a) 23 patients
(41.8%) had been admitted to the ICU; (b) COVID-19 imaging was
obtained by chest X-ray alone in 20 patients (36.3%) and completed
by chest CT in 35 patients (63.7%) with a mean (§ SD) score of
COVID-19 lung abnormalities of 34.0% (§ 23.7); (c) acute PE was diag-
nosed in the absence of major predisposing factors in 5 patients
(9.1%); (d) 36 patients (65.5%) received prophylactic anticoagulation.
The standard of care proposed in our institution at the time of early
COVID-19 pandemic included the following therapeutic options, i.e.,
probabilistic antibiotherapy, systemic corticotherapy and/or anticoa-
gulation while antiviral therapy was only administered to patients
who accepted to be enrolled in the European DISCOVERY trial. Details
for our study population is given in Table 2.

The median (interquartile range) interval of time between COVID-
19 and follow-up CTA was 144.0 (Q1; Q3: 121.0; 157.0) days. Forty-
six patients underwent PFTs within 8 days after CTA. Functional
parameters are summarized in Table 3. The mean (§SD) DLCO was
78.6 § 16.1%.

Lung parenchymal findings

COVID-19 residual findings were identified in 40 patients (72.7%)
whereas 15 patients (27.3%) had normal chest CT. Lung abnormalities
included areas of ground-glass attenuation (39/40), alone or superim-
posed on fine linear opacities, and parenchymal bands (21/40). Seven
patients (7/40) showed bronchial/bronchiolar dilatation within areas
of ground-glass attenuation, seen in association with fine reticula-
tion, suggestive of a potential evolution towards lung fibrosis; there
was no feature of honeycombing. Lung abnormalities were mostly
bilateral (36/40), with a diffuse distribution in all but 4 patients
showing a predominant distribution in the peripheral lung zones
(n = 4). One patient showed subtle “vascular tree-in-bud” pattern in
peripheral lung zones of both lungs. Abnormally dilated peripheral
vessels were not identified. The median CT score of post COVID-19
lung infiltration was 0.85% (Q1; Q3: 0.32; 2.52). In the 35 patients



Table 1
Characteristics of the study population at the time of COVID 19 follow-up
(n = 55).

Variable Results

Males, n (%) /females, n (%) 42 (76.4%) �13 (23.6%)
Age, year

mean § SD
range

59.7 § 13.7
27.1 to 83.6

Smokers, n (%) 24 (43.6%)
Tobacco consumption, pack-year

median (Q1; Q3)
range

20.0 (8.5; 30)
1 to 75

Respiratory co-morbidities, n (%)
- COPD, n
- asthma, n
- interstitial lung disease, n
- peripheral lung carcinoma, n

11 (20%)
3
4
3
1

Patient medical history, n (%)
- chronic kidney disease, n
- cardiovascular disease, n
- type 2 diabetes, n
- hypertension, n
- extra-thoracic tumor, n

23 (42%)
1
11
9
22
0

Body-mass-index (BMI), kg/m2

median (Q1; Q3)
range

27.1 (24.6; 32.4)
19.9 to 41.4

Body-mass-index (BMI) categories,
-<18.5 kg/m2(underweight patient), n (%)
- 18.5 -<25 kg/m2(normal BMI), n (%)
- 25 �30 kg/m2 (overweight patient), n (%)
->30 kg/m2 (obese patient), n (%)

0
15 (27.3)
21 (38.2)
19 (34.5)

Abbreviations: yr: year; COPD: chronic obstructive pulmonary disease;
SD: standard deviation; Q1: 1st quartile; Q3: 3rd quartile.

Table 2
Characteristics of the study population at first hospital admission (n = 55).

Variable Results

Clinical data
-admission to the ICU, n (%)
-mechanical ventilation, n (%)
-COVID-19 imaging by chest X-ray alone, n (%)
-COVID-19 imaging by chest X-ray and CT, n (%)
-CT score of COVID-19 lung abnormalities,%
mean (§ SD)
median
Q1; Q3
-diagnosis of acute pulmonary embolism, n (%)
-previous history of thrombo-embolic disease,
n (%)
-prophylactic anticoagulation, n (%)

23 (41.8%)
16 (29.0%)
20 (36.3%)
35 (63.7%)
34.0 § 23.7
31.9
15.7; 55.0
5 (9%)
0
36 (65.4%)

Biological data
-C-reactive protein (7 missing)
median (Q1; Q3)
range
-Urea nitrogen
median (Q1; Q3)
range
-Creatinine
median (Q1; Q3)
range
-ASAT
median (Q1; Q3)
range
-ALAT
median (Q1; Q3)
range
-Lactate dehydrogenase (4 missing)
median (Q1; Q3)
range
-Hemoglobin
mean (§ SD)
-Leucocytes
median (Q1; Q3)
range
-Neurophils (3 missing)
median (Q1; Q3)
range
-Neutrophil-to-lymphocyte ratio (3 missing)
median (Q1; Q3)
range
-D-dimers (20 missing)
median (Q1; Q3)
range

88.0 (42.0; 115.0)
14.0 to 347.0
0.35 (0.23; 0.50
0.14 to 1.4
8.0 (7.0; 11.0)
5.0 to 60.0
43.0 (31.0; 63.0)
13.0 to 307.0
31.0 (21.0; 51.0)
8.0 to 237.0
373.0 (313.0; 482.0)
144.0 to 1465.0
12.9 § 1.9
7.1 (5.4; 9.3)
2.7 to 26.6
5.4 (3.8; 7.4)
1.7 to 24.60
6.4 (2.9; 10.6)
1.3 to 82
1590.0 (1150.0; 3010.0)
330.0 to 4000.0

Therapeutic measures
-probabilistic antibiotherapy, n
-systemic corticotherapy, n
-anticoagulation, n
-antiviral therapy, n

40 (72.7%)
12 (21.8%)
41 (74.5%)
15 (27.3%)

Abbreviations: ICU: intensive care unit; SD: standard deviation; Q1: 1st quartile;
Q3: 3rd quartile.
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with chest CT obtained at the acute phase of the disease: (a) the
median COVID CT score was 31.9% (Q1: 15.7; Q3: 55.8); (b) the
median difference of COVID CT scores was 28.3% (Q1: 11.5; Q3: 53.7).

Emphysema was identified in 10 patients (severe: n = 1; moder-
ate: n = 2; mild: n = 7), diffusely distributed in 3 patients and exclu-
sively seen in the upper lobes in 7 patients. Two patients had CT
features of basal and peripheral fibrosing ILD involving <10% of lung
volume.

CT angiographic findings

In 3 patients (3/55; 5.4%), endoluminal filling defects were identi-
fied at the level of: (a) one (n = 1) and two (n = 1) segmental pulmo-
nary arteries of a single lobe; these filling defects were non-
obstructive; and (b) central and peripheral pulmonary arteries of
both lungs (n = 1); they consisted of multiple obstructive and non-
obstructive endoluminal filling defects. Lung parenchymal images of
the 3 patients showed residual COVID-19 lung abnormalities, mostly
represented by disseminated ground glass attenuation and a few
basal bands; there were no CT features of recent lung infarction. Fol-
lowing CT angiography, Doppler ultrasonographic examination was
obtained; none of these patients had deep venous thrombosis. At the
time of acute viral infection: (a) none of these patients had pulmo-
nary artery thrombosis;(b) they did not receive preventive anticoagu-
lation during the hospitalization.

Lung perfusion findings

Descriptive analysis of perfusion images
Perfusion images were (a) non-interpretable in 2/55 patients

(3.6%), owing to marked artifacts in the context of morbid obesity
and/or shoulder prosthetic material; (b) normal in 17 patients
(30.9%); and (c) abnormal in 36 patients (65.5%).

Perfusion abnormalities consisted of a variable association of: (a)
patchy perfusion defects (30/36; 83%), seen as disseminated
abnormalities;(b) PE-type perfusion defects (6/36; 16.6%) in presence
(n = 1) or absence of proximal thrombosis (n = 5); multiple segmental
and subsegmental defects were seen in both lungs in the patient with
multiple endoluminal clots (Fig. 2); a few (1�5 defects/patient),
peripheral and small-sized (<subsegmental size) defects were seen
in the 5 patients without endoluminal clots; and (c) focal areas of
non-systematized hypoperfusion (2/36; 5.5%). In 15 patients with
perfusion defects (15/36; 41.6%), focal areas of increased perfusion
were also depicted.

Combined reading of perfusion and lung images
When lung perfusion was rated as abnormal (n = 36), correspond-

ing lung images showed residual COVID-19 opacities in 32 patients
(32/36; 89%) and normal lung parenchyma in 4 patients (4/36; 11%).



Table 3
Pulmonary function tests in the study
population (n = 46).

VC,% pred
mean § SD
range

102.0 § 20.4
71.6 to 155.3

FVC,% pred
mean § SD
range

102.0 § 19.8
68.04 to 155.0

FEV1/FVC
mean § SD
range

0.78 § 0.09
0.43 to 0.93

FRC,% pred
mean § SD
range

100.3 § 20.9
62.1 to 156.7

RV,% pred
mean § SD
range

97.2 § 23.3
55.2 to 165.5

TLC,% pred
mean § SD
range

94.8 § 14.1
67.2 to 131.4

DLCO,% pred
mean § SD
range

78.6 § 16.1
46.9 to 112.4

DLCO/VA,% pred
mean § SD
range

94.8 § 15.7
56.3 to 130.1

Abbreviations: VC: vital capacity; FVC:
forced vital capacity; FEV1: forced expi-
ratory volume in one second; FRC:
forced residual capacity; RV: residual
volume; TLC: total lung capacity; DLCO:
diffusing capacity of the lung for carbon
monoxide; VA: alveolar capillary blood
volume.
SD: standard deviation; Q1: 1st quartile;
Q3: 3rd quartile.
NB: Results are expressed with an accu-
racy of 2 decimal places when values are
less than 1.
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When PE-type defects were identified in the absence of endoluminal
clots (n = 5), lung images showed: (a) no features of COVID-19 in 3
patients (Fig. 3); (b) features suggestive of peripheral chronic PE in
corresponding areas in 2 patients (Fig. 4); (c) the absence of
Fig. 2. Dual-energy CT angiography obtained in a 74 yr-old obese female (BMI: 38.64 kg/m
Mediastinal images obtained at the level of the right bronchus intermedius (Fig. 2a) and

sub-segmental arteries (arrows) in both lungs.
Perfusion images obtained at the level of the upper (Fig. 2d) and lower (Fig. 2e) lobes sh

in the let upper lobe (arrowhead, Fig. 2d).
bronchiolectasis, emphysema and/or air trapping at the level of cor-
responding areas.

When areas of increased perfusion were depicted (n = 15), they
were superimposed on (a) ground-glass opacities or parenchymal
bands in 14 patients (Fig. 5; Fig. 6); (b) vascular tree-in-bud opacities
in the only patient showing this lung abnormality (Fig. 7). Ten of
these patients (10/15; 67%) had been admitted to the ICU.

In the 4 patients with normal lung images, abnormal perfusion
consisted of patchy defects.

Comparison of patients with normal and abnormal perfusion
Compared with patients with normal perfusion (Table 4), patients

with abnormal perfusion:(a) had no significant difference in BMI
(p = 0.94) and number of smokers (p = 0.11); (b) had a significantly
higher frequency of residual COVID-19 lung infiltration (88.9% versus
35.3%; p < 0.001) with no significant difference in the frequency of
emphysema (p = 0.14); (c) had been more frequently hospitalized in
the ICU (53.8% versus 5.9%; p<0.001) and intubated (38.9% versus
5.9%; p = 0.02).The 5 patients with acute PE at the time of admission
were all seen with abnormal perfusion on the follow-up DECT exami-
nation.

There was no significant difference in the iodine concentration
between the 17 patients with normal perfusion and the 36 patients
with abnormal perfusion (p = 0.59) (Table 4). Median iodine concen-
tration was 1.2 in the 32 patients with abnormal perfusion and 1.4 in
the 4 patients with abnormal perfusion in the absence of COVID-19
lung infiltration; no statistical test was performed. As shown in
Table 5, there was no statistically significant difference in PFT param-
eters between patients with normal and abnormal perfusion apart
from a significantly higher FRC in patients with normal perfusion
(median: 107.4 versus 96.6; p = 0.04).

Discussion

To our knowledge, this is the first study describing features within
the pulmonary arterial circulation in the follow-up of patients
remaining symptomatic 3 months after hospitalization for SARS-
CoV-2 infection. At the time of CT follow-up, all patients had a dra-
matic resolution of the radiologic features of COVID-19 pneumonia
with complete clearance in 27.3% of patients and residual
2), 16 weeks after COVID-19 pneumonia with oxygen requirement.
left atrium (Fig. 2b-Fig. 2c) showing multiple filling defects within lobar, segmental and

owing large PE-type perfusion defects in both lungs (arrows) and a small PE-type defect



Fig. 3. Dual-energy CT angiography obtained in a 57 yr-old obese female (BMI: 33.58 kg/m2), 14 weeks after COVID-19 pneumonia with high-flow oxygen requirement.
Lung images obtained at the level of the carina (Fig. 3a) and right bronchus intermedius (Fig. 3b) showing the absence of lung abnormality, in particular at the level of the apical

segment of the left lower lobe.
3c: Perfusion image obtained at the same level as that of Fig. 3a showing a peripheral PE-type defect in the apical segment of the left lower lobe (arrows).

Fig. 4. Dual-energy CT angiography obtained in a 63 yr-old obese male (BMI:
31.9 kg/m2), 12 weeks after COVID-19 pneumonia requiring invasive ventilation.

4a: Lung image obtained at the level of the right bronchus intermedius showing a
triangular zone of hypo-attenuation with small-sized pulmonary vessels suggestive of
chronic pulmonary arterial obstruction in the anterior segment of the left upper lobe
(arrowheads). Subtle hypoattenuated area in the apical segment of the right lower
lobe (arrows).

4b: Perfusion image obtained at the same level as that of Fig. 4a showing a PE-type
defect in the anterior segment of the left upper lobe (arrowheads) and a peripheral,
truncated PE-type defect (arrows) in the apical segment of the right lower lobe.

Fig. 6. Dual-energy CT angiography obtained in a 68 yr-old male with normal BMI
(BMI: 24.08 kg/m2), 12 weeks after COVID-19 pneumonia requiring invasive
ventilation.

6a: Lung image (magnified view) obtained at the level of the left upper lobe show-
ing dense ground-glass opacities in the peripheral lung (arrows).

6b: Perfusion image obtained at the same level as that of Fig. 6a showing increased
perfusion matching with peripheral areas of ground-glass attenuation (arrows).
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abnormalities in 72.7% of patients. In the latter group, lung parenchy-
mal abnormalities consisted of ground-glass opacities, mostly of mild
attenuation and diffusely distributed, that were seen in isolation or
superimposed with fine reticulation. At the time of this early follow-
up, evolution toward lung fibrosis was suspected in 7 patients show-
ing bronchial/bronchiolar dilatation within areas of ground-glass
attenuation requiring further evaluation before assessing the pres-
ence of irreversible fibrotic changes. None of our patients had CT fea-
tures of honeycombing as described during the acute phase of
COVID-19 [26,27].

In this background of post COVID-19 lung changes, CT angiogra-
phy revealed the presence of endoluminal filling defects in 3 patients
(5.4% of the study population). In one patient, there were bilateral
Fig. 5. Dual-energy CT angiography obtained in a 75 yr-old male with normal BMI
(BMI: 23.43 kg/m2), 14 weeks after COVID-19 pneumonia with oxygen requirement.

5a: Lung image obtained at the level of the lower lung zones showing areas of mild
ground glass attenuation in the right middle and right lower lobes. The arrows point to
the largest area of GGO.

5b: Perfusion image obtained at the same level as that of Fig. 5a showing increased
perfusion matching with areas of GGO, well demonstrated at the level of the largest
area of GGO (arrows).
filling defects in central and peripheral pulmonary arteries whereas
they were seen in one or two segmental arteries of a single lobe in
the remaining 2 patients. These findings were not clinically suspected
and lower-limb ultrasound compression obtained immediately after
chest CTA did not reveal venous thrombosis. Whereas one cannot cat-
egorically exclude thromboembolic disease, the absence of deep
Fig. 7. Dual-energy CT angiography obtained in a 60 yr-old male with normal BMI
(BMI: 24.5 kg/m2), 16 weeks after COVID-19 pneumonia requiring invasive
ventilation.

7a: Lung image (magnified view of the right lung; 1-mm thick) obtained at the
level of the right bronchus intermedius showing a subtle vascular tree-in-bud pattern
in the right lung, more pronounced in the anterior segment of the right upper lobe
(arrows).

Lung image (magnified view of the right lung; 3-mm thick, maximum-intensity
projection) (Fig. 7b) obtained 1 cm below Fig. 7a and corresponding perfusion image
(Fig. 7c) showing superimposition of areas of increased perfusion on areas of vascular
tree-in-bud (arrows).



Table 4
Comparison of clinical and CT characteristics of patients with normal and abnormal perfusion (n = 55).

Patients with normal lung perfusion
(n = 17)

Patients with abnormal lung perfusion
(n = 36)

P value

Body-mass index (BMI), kg/m2
median (Q1; Q3)
range

27.1 (24.7; 31.1)
21.9 to 26.5

27.4 (24.5; 32.2)
19.9 to 41.4

0.94

Smokers, n (%) 5 (29.4%) 19 (52.8%) 0.11
Hospitalization in the ICU, n (%) 1 (5.9%) 21 (58.3%) <0.001
Mechanical ventilation, n (%) 1 (5.9%) 14 (38.9%) 0.02 (*)

Residual COVID-19 lung infiltration, n (%) 6 (35.3%) 32 (88.9%) <0.001 (*)
Emphysema, n (%) 1 (5.9%) 9 (25%) 0.14 (*)

Iodine concentration, mg iodine/mL
mean § SD
range

1.2 § 0.4
0.32 to 1.8

1.3 § 0.4
0.60 to 2.1

0.59

Abbreviations: ICU: intensive care unit; SD: standard deviation; Q1: 1st quartile; Q3: 3rd quartile.
NB: Comparisons were obtained with the Mann-Whitney test for quantitative variables and the chi-square or Fisher exact test (indicated by *) other-
wise. P values greater than 0.1 are expressed with 2 decimal places and three decimals otherwise.
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venous thrombosis raises the hypothesis of in-situ thrombosis. In
keeping with clinical and pathologic descriptions during the acute
phase of COVID-19, these findings suggest the possibility of a persis-
tent hypercoagulable state and/or endothelial dysfunction related to
the pulmonary microvascular disease described in this study,
observed in the weeks following viral pneumonia. It is noticeable
that none of these patients had acute PE at the time of COVID-19 and
Table 5
Comparison of pulmonary function tests between patients with normal and
abnormal perfusion (n = 46).

Patients with
normal lung
perfusion
(n = 14)

Patients with
abnormal lung
perfusion
(n = 32)

P value

VC,% pred
median (Q1 ; Q3)
range

92.9 (87.0; 107.3)
71.6 to 120.0

104.8 (85.8;
117.7)
72.23 to 155.3

0.25

FVC,% pred
median (Q1 ; Q3)
range

96.0 (82.6; 110.0)
68.0 to 121.8

103.8 (87.9;
117.1)
72.4 to 155.0

0.31

FEV1/FVC
median (Q1 ; Q3)
range

0.82 (0.74; 0.85)
0.43 to 0.91

0.80 (0.74; 0.83)
0.59 to 0.93

0.41

FRC,% pred
median (Q1 ; Q3)
range

107.4 (102.1;
115.0)
88.3 to 132.6

96.6 (78.1; 114.4)
62.1 to 156.7

0.04

RV,% pred
median (Q1 ; Q3)
range

103.2 (91.9;
120.7)
55.2 to 135.1

94.86 (76.0;
110.2)
60.81 to 165.5

0.13

TLC,% pred
median (Q1 ; Q3)
range

93.0 (86.3; 103.1)
79.7 to 117.4

95.7 (83.9; 105.0)
67.2 to 131.4

0.95

DLCO,% pred
median (Q1 ; Q3)
range

79.0 (68.0; 86.0)
46.9 to 112.4

78.6 (69.0; 89.8)
51.1 to 109.0

0.73

DLCO/VA,% pred
median (Q1 ; Q3)
range

93.0 (87.9; 109.4)
73.4 to 117.1

94.4 (82.5; 99.4)
56.3 to 129.3

0.96

Abbreviations: VC: vital capacity; FVC: forced vital capacity; FEV1: forced expi-
ratory volume in one second; FRC: forced residual capacity; RV: residual vol-
ume; TLC: total lung capacity; DLCO: diffusing capacity of the lung for carbon
monoxide; VA: alveolar capillary blood volume.
SD: standard deviation; Q1: 1st quartile; Q3: 3rd quartile.
NB: Comparisons were obtained with the Mann-Whitney test. Results are
expressed with an accuracy of 2 decimal places when values were less than 1.
that none received preventive anticoagulation during hospitalization.
This high frequency of PE occurring within three months of severe
COVID-19 encourages to consider a recent history of COVID-19 as a
risk factor for PE and to obtain CT angiographic examinations instead
of non-contrast CT scans when these patients are referred for imag-
ing.

Perfusion abnormalities were identified in 36 patients (36/55;
65.5% of the study population). In the absence of knowledge of pul-
monary vascular sequelae of COVID-19, one may interpret CT abnor-
malities in the light of lung microcirculation alterations described
during the acute phase of the SARS-CoV-2 infection [13,14]. Dissemi-
nated patchy perfusion defects were the most frequent finding,
observed in 30 patients (30/36; 83.0%). These abnormalities could
represent unresolved/sequelae of the widespread microangiopathy
described in the acute phase of the disease, characterized by occlu-
sion of alveolar capillaries. During COVID-19 pneumonia, mottled
defects were present in almost all patients scanned with DECT
[17,18].

The second finding was the presence of PE-type perfusion defects,
depicted in 6 patients (6/36; 16.6%). One patient had multiple, bilat-
eral PE-type defects, explained by obstructive segmental and subseg-
mental clots in both lungs. In the remaining 5 patients (5/36; 13.8%)
who had no detectable clots in the pulmonary arteries, PE-type
defects consisted of a few, small-sized peripheral defects. In the
absence of previous history of acute thromboembolic event, one may
suggest a relationship between these defects and sequelae of thrombi
described within pulmonary arteries with a diameter of 1 mm to
2 mm during acute pneumonia, often seen with venous thrombosis.
These arterial lesions were often described without complete luminal
obstruction [13] which might explain the limited number of these
PE-type defects in our study population. During the acute phase of
COVID-19 pneumonia, Ildiman et al. reported areas of decreased per-
fusion without visible thrombus in the lungs of 19% (6 /31) of patients
with mild-to-moderate COVID-19, linking these defects to the pres-
ence of micro-thrombosis in the lungs (19). Because PE-type defects
are nonspecific findings, care was taken to exclude the possibility of
false positives in the setting of small-airway disease such as bron-
chiolectasis, mucous plugging and/or air trapping.

An unexpected finding was the presence of areas of increased per-
fusion, always seen superimposed on focal areas of ground-glass
attenuation or parenchymal bands in 15 patients (15/36; 41.6%). In
the early clinical phase of the disease, Si-Mohamed et al. reported dif-
fuse bilateral ground-glass opacities associated with increased lung
perfusion in the corresponding lobes in 2 patients [20]. The authors
hypothesized that these vascular changes might correspond to the
histopathological findings of intussusceptive angiogenesis reported
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in autopsy studies, describing the striking neovessels growth in
severe COVID-19 pneumonia [13,28]. By analogy, one may suggest
the persistence of these microvascular abnormalities on both mor-
phologic and perfusion images [29]. It was interesting to note that
areas of increased perfusion also matched the vascular tree-in-bud
abnormalities that were observed in a single patient of our cohort
who had suffered from an initially severe COVID-19 pneumonia
requiring ICU hospitalization. Considering that this pattern was pro-
posed as a potential CT marker of immunothrombosis and angiogene-
sis in patients with severe COVID-19 pneumonia [13,28], it could be
hypothesized that residual lesions remain detectable in the months
following COVID-19 pneumonia. Quantification of iodine within both
lungs did not show significant differences between the subgroups
analyzed. This suggests that perfusion alterations were too subtle for
this quantitative analysis on both lungs. As areas of hyperperfusion
were always seen in patients with patchy defects, one may also raise
the possibility of a compensatory effect of these two types of perfu-
sion abnormalities on the overall quantitative analysis. Pulmonary
functional parameters, including diffusing capacity for carbon mon-
oxide, were not found to be significantly different between patients
with normal and abnormal perfusion except for FRC. Recent studies
have suggested that reduced DLCO and TLC were the main abnormal-
ities observed after COVID-19 [30,31].

This study suffers from several limitations. First, the detection of
patchy perfusion defects may have been overestimated in this popu-
lation mainly composed of large patients. In overweight and obese
patients, there is a well-known potential decrease in perfusion image
quality due to image graininess directly linked to the patient mor-
photype. Moreover, it also included smokers but most of them had
minor emphysematous changes, limited to the upper lung zones. Sec-
ond, we did not have pulmonary function tests for all patients, thus
precluding the search for correlations between morphology and
function. However, one may understand patient reluctance for sev-
eral investigations after severe lung disease and longstanding hospi-
talization. Moreover, the PFT facility was not easily available at the
time when non-COVID patients needed to be prioritized. Third, perfu-
sion changes were analyzed in the absence of control group, starting
with perfusion analysis in normal subjects. However, one can high-
light the homogeneity of lung perfusion in nonsmokers that has
already been reported in the literature [32,33]. In addition, we did
not have comparable control group with viral non-COVID-19 pneu-
monia. Lastly, the lack of systematic use of DECT at the time of viral
pneumonia did not allow comparative analysis of perfusion changes
over time. This would have required the availability of dual-energy
CT technology in the vicinity of the ICU, only equipped with single-
energy CT in our institution.

In conclusion, this study suggests the presence of multiple resid-
ual changes within central and peripheral pulmonary circulation in
the months following COVID-19 pneumonia that can help understand
patient functional complaint. It also highlights the persistent risk for
pulmonary artery thrombosis. Long-term follow-up chest imaging of
survivors is needed for better understanding of the possible irrevers-
ible pulmonary damage of SARS-CoV-2 pneumonia.
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